Background: MicroRNAs play important roles in regulating AKT pathway. Results: miR-542-3p suppresses glioblastoma cell invasion through directly inhibiting AKT1, ILK, and PIK3R1. Conclusion: miR-542-3p down-regulation contributes to aberrant activation of the AKT signaling, and miR-542-3p acts as a negative regulator in astrocytoma progression. Significance: Learning how miRNAs participate in AKT pathway is crucial for understanding its regulators and cancer therapy.
The molecular mechanism underlying constitutive activation of AKT signaling, which plays essential roles in astrocytoma progression, is not fully characterized. Increasing numbers of studies have reported that microRNAs are involved in the malignant behavior of astrocytoma cells via directly targeting multiple oncogenes or tumor suppressors. Here, we found that microRNA (miR)-542-3p expression was decreased in glioblastoma cell lines and astrocytoma tissues, and reduced levels of miR-542-3p expression correlated with high histopathological grades and poor prognosis of astrocytoma patients. Exogenous miR-542-3p suppressed glioblastoma cell invasion through not only targeting AKT1 itself but also directly down-regulating its two important upstream regulators, namely, integrin-linked kinase and PIK3R1. Notably, overexpressing miR-542-3p decreased AKT1 phosphorylation and directly and indirectly repressed nuclear translocation and transactivation activity of ␤-catenin to exert its anti-invasive effect. Furthermore, the miR-542-3p expression level negatively correlated with AKT activity as well as levels of integrin-linked kinase and PIK3R1 in human astrocytoma specimens. These findings suggest that miR-542-3p acts as a negative regulator in astrocytoma progression and that miR-542-3p down-regulation contributes to aberrant activation of AKT signaling, leaving open the possibility that miR-542-3p may be a potential therapeutic target for high grade astrocytoma.
Astrocytoma is the most common primary malignant neoplasm of brain in adults. Patients with high grade astrocytoma with a median overall survival time of only 14.6 months have much worse outcome than those with the low grade disease (1) . Currently available therapies against high grade astrocytoma, including surgery, radiotherapy, and chemotherapy, remain mainly unsuccessful generally due to high invasiveness of the tumor cells. Moreover, it is nearly impossible to remove the tumor cells infiltrating surrounding brain tissues, resulting in tumor recurrence and progression shortly after surgery. Of note, the patients with glioblastoma, which is the most aggressive type of astrocytoma, suffer an over 90% recurrence rate, and the recurrent patients have a median survival time as low as 4 -6 months (2, 3). Therefore, understanding the molecular basis and identifying the key molecule(s) responsible for astrocytoma invasiveness will help to provide potentially applicable therapeutic agents and improve the therapeutic effect on management of patients with astrocytoma.
Cumulative evidence has revealed that the protein kinase B (AKT) pathway plays a crucial role in the invasive behavior of astrocytoma cells. AKT, a serine/threonine kinase, is constitutively activated in astrocytoma and tightly correlates with poor outcome of patients with the disease (4, 5) . Increased AKT activity promotes malignant behavior of invasive glioblastoma cells (6, 7) , and down-regulation of AKT importantly inhibits invasion of glioblastoma cells (8) . Notably, not only increased phospho-AKT but also up-regulated total AKT expression levels contribute to the development and progression of astrocytoma (9) . Mounting evidence has shown that increased or activated AKT governs several downstream signaling pathways, such as the glycogen synthesis kinase-3␤ (GSK-3␤) 4 pathway, ␤-catenin pathway, and NF-B pathway (10, 11) , to stimulate expression of matrix metalloproteases (MMPs), which are known to be essential for degradation of extracellular matrix, consequently exerting a proinvasive effect (12) .
As a critical indicator in the progression of astrocytoma, AKT activation can be stimulated by distinct routes of protein kinases, including phosphatidylinositol 3-kinase (PI3K) and integrin-linked kinase (ILK). PI3K is a crucial oncogenic kinase consisting of catalytic subunit p110 and regulatory subunit p85 encoded by PIK3CA and PIK3R1 genes, respectively. It activates AKT through production of phosphatidylinositol 3,4,5-trisphosphate, which binds to the pleckstrin homology domain of AKT to recruit it to the cell membrane, and induces conformational change in AKT, revealing its two critical amino acids, Thr-308 and Ser-473, for phosphorylation (13) (14) (15) . PTEN is able to inactivate AKT via directly dephosphorylating phosphatidylinositol 3,4,5-trisphosphate and thus acts as an important negative regulator of the PI3K/AKT signaling. Although mutations in PIK3CA and PTEN genes have been extensively observed to be contributive to various malignancies, only 7 and 10% of astrocytoma tumors, respectively, show PIK3CA mutation and PTEN mutation (16, 17) . Therefore, the reason why AKT is constitutively activated in the vast majority of human astrocytoma is still unknown. In addition, we have previously demonstrated that ILK is widely overexpressed in astrocytoma, and its aberrantly high expression level significantly correlates with the histological grading and poor prognosis of patients with the disease (18) . However, the mechanism underlying upregulation of ILK in astrocytoma remains unclear. Thus, further clarification of how these oncogenic upstream kinases are dysregulated in astrocytoma will provide new insight into aberrant activation of AKT signaling and might lead to the development of targeting therapies against the disease.
Recently, microRNAs have been recognized to play important roles in the regulation of protein expression through directly binding to 3Ј-UTRs of target mRNAs, resulting in their post-transcriptional repression. Aberrant expression of microRNAs has been identified to play roles of oncogenes or suppressors in various human cancers (19 -21) , showing promising therapeutic potential for anticancer strategies (22, 23) . It has been reported that miR-542-3p, which is located in Xq26.3, is down-regulated in non-small cell lung cancer and breast cancer and directly targets survivin or angiopoietin-2, respectively, leading to growth arrest and angiogenesis inhibition (24, 25) . In the current study, we report that in astrocytoma down-regulation of miR-542-3p was significantly associated with histopathological grading and poor patient prognosis of the disease. Mechanistic investigations revealed that miR-542-3p inhibited invasive abilities of glioblastoma cells through directly repressing protein expression of AKT1, ILK, and PIK3R1 and strongly suppressing AKT signaling. Furthermore, the clinical relevance of the expression level of miR-542-3p with AKT activity as well as levels of ILK and PIK3R1 was evidenced in a cohort of human astrocytoma specimens.
Experimental Procedures
Cell Lines and Culture-Normal human astrocytes were purchased from Sciencell Research Laboratories (Carlsbad, CA) and cultured under the conditions recommended by the manufacturer. Glioblastoma cell lines, including U87MG, T98G, U118MG, A172, U251MG, and LN464, were kindly provided by Dr. Shiyuan Cheng (Northwestern University Feinberg School of Medicine, Martinez, CA), and cultured in DMEM supplemented with 10% fetal bovine serum (HyClone, Logan City, UT) and 1% penicillin/streptomycin (Invitrogen) at 37°C in a humidified air atmosphere containing 5% carbon dioxide. All cell lines were authenticated by short tandem repeat fingerprinting at the Medicine Laboratory of Forensic Medicine Department of Sun Yat-Sen University (Guangzhou, China).
Patients and Tissue Samples-A cohort of 59 paraffin-embedded astrocytoma specimens was collected and diagnosed at the First Affiliated Hospital of Sun Yat-Sen University from 2000 to 2005. The fresh-frozen paired astrocytoma and adjacent non-cancerous brain tissues were obtained from the same hospital. The samples were classified as low grade astrocytoma, including pilocytic (grade I) and diffuse (grade II) astrocytoma, and high grade astrocytoma, including anaplastic astrocytoma (grade III) and glioblastoma multiforme (grade IV) according to World Health Organization histopathological grading. For the use of these clinical materials for research purposes, prior patients' consents and approval from the Institutional Research Ethics Committee were obtained.
Plasmid Construction-The total region of human AKT1-3Ј-UTR, ILK-3Ј-UTR, or PIK3R1-3Ј-UTR, respectively, was generated by PCR amplification with flanking PstI and SacII restriction enzyme digestion sites. The oligonucleotides were cloned into the PstI-SacII sites of the modified pGL3-Basic luciferase reporter plasmid (Promega, Madison, WI). Mutations were introduced into the seed region in AKT1-3Ј-UTR, ILK-3Ј-UTR, or PIK3R1-3Ј-UTR for miR-542-3p binding sites using the QuikChange site-directed mutagenesis kit (Stratagene, Wilmington, DE). The open reading frame (ORF; without 3Ј-UTR) of AKT1, PIK3R1, or ILK generated by PCR amplification was cloned into mammalian expression vector pcDNA (Invitrogen). The mutant plasmid ⌬N47 ␤-catenin expressing constitutively active ␤-catenin and the pBabe-puro-myr-Akt1 plasmid expressing constitutively active AKT1 were purchased from Addgene Inc. (Cambridge, MA). The reporter plasmids containing wild-type (cctttgatc; TOPflash) or mutated (cctttggcc; FOPflash) T cell factor/lymphoid enhancer factor (TCF/ LEF) DNA binding sites were purchased from Upstate Biotechnology (Lake Placid, NY).
Transient Transfection-U87MG and T98G cells were cultured in 6-well plates and then transfected with miR-542-3p mimic or control oligonucleotides individually with Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. miR-542-3p mimic and pcDNA-AKT1, pcDNA-ILK, or pcDNA-PIK3R1 were co-transfected using Lipofectamine 2000 reagent in the restoration experiments. 36 h after transfection, cells were collected for Western blotting and RNA extraction. miR-542-3p mimic oligonucleotides and negative control oligonucleotides were commercially synthesized by RiboBio (Guangzhou, China).
RNA Extraction and Real Time Quantitative PCR-Total microRNA of cultured cells, fresh-frozen astrocytoma and paired non-cancerous brain tissues, and paraffin-embedded, archived clinical astrocytoma specimens was extracted using the mirVana microRNA isolation kit (Ambion, Austin, TX) and RecoverAll TM total nucleic acid isolation kit (Ambion) according to the manufacturer's instructions. Detection of miR542-3p and U6 utilized their specific primers separately. All primers were synthesized by Invitrogen. Expression of miR-542-3p was analyzed by real time PCR using the TaqMan microRNA assay kit (Applied Biosystems, Life Technologies). The expression of miR542-3p was assessed based on the threshold cycle (Ct), and relative expression level was calculated as 2-
. U6 snRNA was used as an internal control.
Detection of mRNA was performed as described previously (26) . The sequences of the primers were as follows: TCF4 forward, 5Ј-TCTCCATAGTTCCTGGACGG-3Ј; TCF4 reverse, 5Ј-CCAACTTCTTTGGCAAGTGG-3Ј; LEF1 forward, 5Ј-CAC-TGTAAGTGATGAGGGGG-3Ј; LEF1 reverse, 5Ј-TGGATC-TCTTTCTCCACCCA-3Ј; MMP2 forward, 5Ј-CAGGGAAT-GAGTACTGGGTCTATT-3Ј; MMP2 reverse, 5Ј-ACTCCAG-TTAAAGGCAGCATCTAC-3Ј; Axin2 forward, 5Ј-CTGGTG-CAAAGACATAGCC-3Ј; Axin2 reverse, 5Ј-AGTGTGAGGT-CCACGGAAAC-3Ј; and GAPDH forward, 5Ј-GACTCATGA-CCACAGTCCATGC-3Ј; GAPDH reverse, 5Ј-AGAGGCA-GGGATGATGTTCTG-3Ј.
Western Blotting-The procedure was performed as described previously (27) . Primary antibodies included anti-AKT1, anti-ILK, anti-phospho-GSK-3␤ (Ser-9), anti-phospho-␤-catenin (Ser-552), anti-phospho-␤-catenin (Thr-41/ Ser-45), anti-MMP-2, and anti-␤-actin antibodies (Cell Signaling Technology, Danvers, MA); anti-PIK3R1 (p85), anti-phospho-AKT1 (Ser-473), and anti-p84 antibodies (Abcam, Cambridge, MA); and anti-␤-catenin antibody (BD Pharmingen). Horseradish peroxidase-conjugated secondary antibody was obtained from Promega. An enhanced chemiluminescence (ECL) kit was purchased from Thermo (Rockford, IL). Nuclear protein was extracted using Nuclear Extract kit (Active Motif, Carlsbad, CA) according to the manufacturer's instructions.
Matrigel Invasion Assay-The Transwell filters were coated with 10% Matrigel diluted in fetal bovine serum-free DMEM on the upper surface of polycarbonate membrane (BD Pharmingen; pore size, 8 m). The filters were incubated at 37°C for 3 h until Matrigel became solidified. Cells were harvested 24 h after transfection. 2 ϫ 10 4 U87MG and 2.5 ϫ 10 4 T98G cells in 200 l of fetal bovine serum-free DMEM were added into the upper chamber, respectively. The complete DMEM with 20% fetal bovine serum was placed in the lower chamber. After 24 h of incubation at 37°C with 5% CO 2 , the non-invaded cells on the upper chamber were wiped out. The cells that had infiltrated from Matrigel into the pores of the inserted filter were fixed and stained. The number of cells invading through the Matrigel was counted using five randomly selected visual fields using an inverted microscope at 200ϫ magnification. Each assay was repeated in triplicates.
Three-dimensional Invasion Assay-Cells were harvested 48 h after transfection. 24-well plates coated with Matrigel were incubated at 37°C for 30 min until the Matrigel became solidified. The cells (1.25 ϫ 10 4 ) in 100 l of complete DMEM with 10% serum mixed with 100 l of Matrigel were seeded in pretreated 24-well plates. The growth of the indicated cells in Matrigel was imaged under a microscope at 5 days after threedimensional overlay culture.
Gelatin Zymography Assay-The culture medium was replaced by DMEM without serum when cells were transfected by miR-542-3p for 24 h. 48 h later, the medium was collected and clarified by centrifugation. The total protein concentration was determined using the Bradford (45) assay, and 40 g of total protein in supernatant were loaded and separated in a 7.5% Tris-glycine gel with 0.1% gelatin. The gel was renatured in a 2.5% Triton X-100 buffer to remove traces of SDS, Triton X-100 was removed using wash buffer, and then the gel was incubated in developing buffer for 42 h (37°C). Finally, the gel was stained in 0.05% Coomassie Brilliant Blue and destained, respectively, for 3 h. Proteolytic bands from the zymography were quantified by scanning densitometry (Quantity One, Bio-Rad).
Luciferase Assay-Cells (1.5 ϫ 10 5 ) were seeded in 24-well plates and allowed to settle for 24 h. miR-542-3p, pGL3-AKT1-3Ј-UTR, pGL3-ILK-3Ј-UTR, or pGL3-PIK3R1-3Ј-UTR (wild or mutated type) reporter plasmid and pRL-TK plasmid (Promega) were co-transfected in the indicated cells using the Lipofectamine 2000 reagent according to the manufacturer's recommendations. Luciferase activities of these reporters in whole cell lysate were measured 48 h after transfection and normalized to corresponding luciferase activities of pRL-TK using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocols. The ␤-catenin/TCF/LEF transcription reporter (TOPflash/FOPflash reporter) assay was performed as described (29) .
Immunohistochemistry-Immunohistochemistry assays were performed and quantified as described previously (28) . The degree of immunostaining of the indicated proteins in 59 cases of formalin-fixed, paraffin-embedded sections was evaluated and scored by two independent observers; both the proportions of positive staining tumor cells and the staining intensities were scored. Scores representing the proportion of positive stained tumor cells was graded as follows: 0 (no positive tumor cells), 1 (Ͻ10%), 2 (10 -50%), and 3 (Ͼ50%). The intensity of staining was determined as follows: 0 (no staining), 1 (weak staining ϭ light yellow), 2 (moderate staining ϭ yellow brown), and 3 (strong staining ϭ brown). The staining index was calculated as Staining intensity ϫ Percentage of positive tumor cells, resulting in scores of 0, 1, 2, 3, 4, 6, and 9. Cutoff values for high and low expression of the protein of interest were chosen based on a measurement of heterogeneity using the log rank test with respect to overall survival. The optimal cutoff was identified as follows: a staining index score of Ն4 was considered as high expression, and a score of Յ3 was considered as low expression. Mean optical density (OD) (ϭIntegrated optical density/Area) was analyzed using Image-Pro Plus 6.0 software.
Statistical Analysis-Statistical analysis was carried out using SPSS 17.0 statistical software. Spearman analysis was used to analyze the correlation between miR-542-3p expression and the clinicopathological characteristics. Survival curves were plotted using the Kaplan-Meier method and compared with the log rank test. p Ͻ 0.05 in all cases was considered statistically significant.
Results

MiR-542-3p Is Down-regulated in Astrocytoma Cell
Lines and Tissue-To evaluate the expression status of miR-542-3p in astrocytoma, quantitative real time PCR was performed. As shown in Fig. 1A , the expression level of miR-542-3p in a panel of glioblastoma cell lines, including U87MG, T98G, U118MG, A172, U251MG, and LN464, was remarkably lower than that in normal human astrocytes. Notably, expression of miR-542-3p in A172 cells was decreased by more than 7 times as compared with that in normal human astrocytes. Next, we measured expression of miR-542-3p in five pairs of astrocytoma and adjacent non-cancerous brain tissue with each pair obtained from the same patient and found that miR-542-3p was consistently down-regulated in all five examined astrocytoma samples compared with their paired non-cancerous brain tissues, presenting at least a 2.6-fold reduction (Fig. 1B) . These data suggest that miR-542-3p is widely down-regulated in astrocytoma and might be a negative regulator in the development and progression of the disease.
Down-regulation of MiR-542-3p Is Associated with Progression and Poor Prognosis of Patients with
Astrocytoma-To further assess the potential clinical significance of down-regulated miR-542-3p in astrocytoma, 59 paraffin-embedded, archived astrocytoma tissues, including 21 cases of low grade (I and II) and 38 cases of high grade (III and IV) astrocytomas, were examined for the expression levels of miR-542-3p. Based on the median value of miR-542-3p expression, the patients were divided into low level (less than the median; n ϭ 30) and high level (greater than the median; n ϭ 29) miR-542-3p expression groups. The correlation between the miR-542-3p expression level and clinicopathological characteristics was analyzed (Table 1) . Although no significant correlation was found between the expression level of miR-542-3p and gender of patients (p ϭ 0.514) or age (p ϭ 0.093), the level of miR-542-3p expression negatively correlated with the histopathological grades of astrocytoma (p Ͻ 0.05), suggesting that decreased expression of miR-542-3p probably contributes to the progression of astrocytoma from low grade to high grade.
Subsequently, the clinical relevance of miR-542-3p expression to the prognosis of these astrocytoma patients was evaluated using Kaplan-Meier analysis. As shown in Fig. 1C , the median and mean overall survival times of the high miR-542-3p expression group were 37 and 41.2 months, respectively, in contrast to only 23 and 24.2 months, respectively, for the low miR-542-3p expression group. Of specific note, the cumulative 3-year survival rate for the patients with low miR-542-3p expression was significantly lower than that for the high miR-542-3p expression group (33.3 versus 48.3%) (p Ͻ 0.01). Collectively, these data indicate that down-regulation of miR-542-3p might represent a risk factor of poor prognosis of astrocytoma patients.
Exogenous MiR-542-3p Represses Invasion of Glioblastoma Cells-To investigate the potential inhibitory effect of miR-542-3p on invasiveness of glioblastoma cells, gain-of-function experiments were performed using two glioblastoma cell lines. As shown in Fig. 1D , miR-542-3p-overexpressing U87MG cells formed space frame spheroid structures with much fewer and shorter projections than those formed by control cells cultured in a three-dimensional setting. In agreement, miR-542-3p-overexpressing T98G cells formed spheroid structures with rare projections, whereas control cells grew quite aggressive spheroid structures. Moreover, MiR-542-3p Inhibits AKT to Repress Astrocytoma Invasion OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 the invasive abilities of both U87MG and T98G cells were obviously repressed in response to transfection of miR-542-3p by 41.6 and 56.8%, respectively, compared with corresponding transfection of scrambled oligonucleotides (Fig.  1, E and F) . In support of the inhibitory effect of miR-542-3p on invasiveness, overexpression of miR-542-3p drastically reduced the protein expression of MMP-2 and secretion of extracellular enzymatic MMP-2 as assessed by gel zymography (Fig. 1, G and H) . Taken together, these data illustrate that overexpression of miR-542-3p apparently represses the invasive capabilities of glioblastoma cells.
MiR-542-3p Reduces Expression of AKT1 via Directly Targeting Its 3Ј-UTR-
We then aimed to uncover the underlying mechanism of the inhibitory effect of miR-542-3p on invasiveness of glioblastoma cells. Notably, AKT1, one of three major isoforms of AKT and known for its widely important roles in malignant behavior of astrocytoma, is predicted to be a putative target of miR-542-3p using three bioinformatics algorithms (miRBase, Pictar, and TargetScan) ( Fig. 2A) . For validating this prediction, as shown in Fig. 2B , the relative luciferase activity of pGL3-AKT1-3Ј-UTR reporter was significantly inhibited by transfection of miR-542-3p, which, however, hardly showed any inhibitory effect on the luciferase activity when the predicted miR-542-3p-binding seed sequence in AKT1-3Ј-UTR was mutated, suggesting the importance of appropriate binding of miR-542-3p to AKT1-3Ј-UTR. Furthermore, Western blotting analysis showed that protein levels of endogenous AKT1 in miR-542-3p-overexpressing glioblastoma cells were markedly decreased compared with those in control cells and accompanied by reduced phosphorylation of AKT1 (Fig.  2C) . Therefore, these data suggest that miR-542-3p inhibits AKT1 expression via direct interaction with its 3Ј-UTR in glioblastoma cells.
To further elucidate whether down-regulating AKT1 expression essentially mediates miR-542-3p-suppressed invasiveness, AKT1 ORF without 3Ј-UTR was co-transfected with miR-542-3p in U87MG and T98G cells, and a Matrigel invasion assay was performed. As shown in Fig. 2C , although AKT1 protein expression was completely restored after wild-type AKT1 (WT-AKT1) ORF transfection in miR-542-3p-overexpressing U87MG and T98G cells, the phospho-AKT level was only slightly revived. In parallel, WT-AKT1 restoration weakly enhanced the invasive capability of miR-542-3p-overexpressing glioblastoma cells (Fig. 2D ). By contrast, overexpression of myristoylated AKT1 (myr-AKT1) (ORF without 3Ј-UTR), a constitutively active form of AKT1, was able to completely revive the phospho-AKT level and the inhibitory effect of miR-542-3p in miR-542-3p-overexpressing glioblastoma cells (Fig. 2, C and D) . These discrepancies imply that some other upstream regulatory molecules of AKT1 phosphorylation may be simultaneously repressed by miR-542-3p.
ILK and PIK3R1 Are Also the Targets of MiR-542-3p and Mediate MiR-542-3p-induced Anti-invasion in Glioblastoma
Cells-Accordingly, we hypothesized that two important upstream contributors of AKT1 phosphorylation, namely ILK and PIK3R1, may be the putative candidate targets of miR-542-3p based on the prediction by TargetScan algorithm (Fig.  3A) . Indeed, luciferase assays showed that the relative luciferase activities of reporters of pGL3-ILK-3Ј-UTR and pGL3-PIK3R1-3Ј-UTR were obviously decreased by miR-542-3p transfection, whereas those of reporters containing mutant ILK-3Ј-UTR or PIK3R1-3Ј-UTR underwent no significant change in response to miR-542-3p transfection (Fig. 3B) . Furthermore, expression levels of endogenous ILK and PIK3R1 protein in addition to total AKT1 and phospho-AKT1 in miR-542-3p-overexpressing cells were both dramatically decreased compared with those in control cells (Fig. 3, C and D) . Taken together, these results indicate that ILK and PIK3R1 as well as AKT1 are bona fide targets of miR-542-3p in glioblastoma cells.
To evaluate the importance of suppressing ILK and PIK3R1 for miR-542-3p-mediated inhibition of invasion in glioblastoma cells, re-expression of ILK or PIK3R1 was performed in miR-542-3p-overexpressing U87MG and T98G cells followed by Matrigel invasion assay. As shown in Fig. 3 (C and D) , ILK or PIK3R1 protein expression was correspondingly markedly recovered by their respective transfection in miR-542-3p-overexpressing glioblastoma cells, causing remarkable, but not full, revival in phosphorylation of AKT1 as compared with negative control microRNA-transfected glioblastoma cells. Accordingly, restoration of ILK or PIK3R1 expression partially, but significantly, revived the invasive abilities of miR-542-3p-overexpressing cells and showed an almost complete revival effect when combined with transfection of WT-AKT1. In contrast, WT-AKT1 overexpression weakly increased the invasive capa- OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 bility of miR-542-3p-overexpressing glioblastoma cells (Fig. 3,  E and F) . Taken together, these data strongly demonstrate that miR-542-3p suppresses glioblastoma cell invasion through targeting the AKT pathway by directly inhibiting AKT1, ILK, and PIK3R1 simultaneously.
MiR-542-3p Inhibits AKT to Repress Astrocytoma Invasion
Down-regulated Expression of MiR-542-3p Is Clinically Associated with Up-regulated Expression of ILK and PIK3R1 in
Astrocytoma-Although aberrant activation of AKT signaling in astrocytoma is well documented and we have previously reported that up-regulated expression of ILK, presenting clinical prognostic significance and tight correlation with histological grading of astrocytoma, partly contributes to aberrant AKT activity, the expression profile of PIK3R1 in astrocytoma has remained undefined. Thus, protein expression of PIK3R1 was measured in the aforementioned cohort of 59 cases of astrocytoma specimens using an immunohistochemistry assay. As shown in Fig. 4A , PIK3R1 staining was positive in 86.4% (51 of 59) of astrocytoma samples and was widely expressed in distinct grades of astrocytoma, whereas its expression in three cases of normal brain tissues was hardly detectable. Quantitative analysis of average mean OD of PIK3R1 staining verified higher expression of PIK3R1 in astrocytoma tissues than that in normal brain tissues (all p Ͻ 0.01) (Fig. 4B ). Moreover, the expression level of PIK3R1 significantly correlated with histopathological grading of astrocytoma (r ϭ 0.570, p ϭ 0.000) (Fig. 4, A-C) . We subsequently evaluated whether up-regulated expression of ILK and PIK3R1 was clinically associated with down-regulated expression of miR-542-3p in astrocytoma specimens. Of specific note, many more cases of specimens with high miR-542-3p expression showed low levels of ILK and PIK3R1 than did those expressing low miR-542-3p, whereas more cases with low miR-542-3p expression displayed high levels of ILK and PIK3R1 (r ϭ Ϫ0.288, p ϭ 0.027 and r ϭ Ϫ0.267, p ϭ 0.041, respectively) (Fig. 4D) . Consistently, high expression of PIK3R1 and ILK and strong staining of active phospho-AKT1 were uniformly observed in the set of specimens from the same astrocytoma patient with low miR-542-3p expression, whereas the astrocytoma specimens with high miR-542-3p expression showed weak staining of PIK3R1, ILK, and phospho-AKT1 (Fig. 4E) . Therefore, down-regulation of miR-542-3p expression probably contributes to up-regulated expression of PIK3R1 and ILK and consequently aberrant activation of AKT signaling in human astrocytoma specimens. Notably, it appears that the inverse correlation between expression levels of miR-542-3p and ILK/PIK3R1 is not observed in all human astrocytoma specimens (Fig. 4D) , implying that expression of ILK/PIK3R can also be regulated by other factors and that miR-542-3p may target additional protein(s) in human astrocytoma with distinct cellular context.
Ectopic MiR-542-3p Inhibits AKT1/␤-Catenin Pathway to Exert Anti-invasive Effect-Based on the repression of AKT signaling and the anti-invasive activity of miR-542-3p, we next examined crucial downstream effectors tightly associated with proinvasion in astrocytoma. As shown in Fig. 5A , accompanying decreased activity of AKT1, phosphorylation of GSK-3␤, one of the substrates of AKT1, was apparently decreased in miR-542-3p-overexpressing glioblastoma cells, resulting in an increase of phospho-␤-catenin (Thr-41/Ser-45), which is directly phosphorylated by GSK-3␤ and could attenuate ␤-catenin activity. Moreover, the phosphorylation of ␤-catenin on site Ser-552, which is reported to be directly phosphorylated by active AKT to promote ␤-catenin activity, was also greatly suppressed by ectopic miR-542-3p. Because activation of ␤-catenin signaling requires accumulation of ␤-catenin in the nucleus to interact with the TCF/LEF transcription factors and thereby activate transcription of downstream genes, a subcellular fractionation assay of ␤-catenin and TOPflash/FOPflash reporter assay indicative of the transactivation activity of ␤-catenin were performed to further validate the inhibitory effect of miR-542-3p on ␤-catenin signaling. Indeed, nuclear accumulation of ␤-catenin and its subsequent transactivation activity were markedly diminished in miR-542-3p-overexpressing glioblastoma cells compared with control cells (Fig. 5,  B and C) . In parallel, mRNA expression levels of several downstream genes of ␤-catenin signaling, including MMP-2, Axin2, TCF4, and LEF1, were reduced in response to ectopic miR-542-3p, supporting the inhibitory effect of miR-542-3p on the AKT1/␤-catenin pathway (Fig. 5D) . Furthermore, the invasive activities of miR-542-3p-overexpressing U87MG and T98G cells were revived to 92.44 Ϯ 9.12 and 87.13 Ϯ 8.06%, respectively, when ␤-catenin signaling was reactivated by overexpression of a constitutively active ␤-catenin mutant with deletion of amino acids 1-47 in the N terminus (⌬N47 ␤-catenin) (Fig. 5E ). In addition, MMP-2 transcription was increased when ␤-catenin signaling was reactivated in miR-542-3p-overexpressing glioblastoma cells (Fig. 5F ), and MMP-2 re-expression by transfection of MMP-2-expressing plasmid in miR-542-3p-overexpressing glioblastoma cells markedly revived their invasive abilities (Fig. 5G) , suggesting the critical role of ␤-catenin/MMP-2 in the miR-542-3p-mediated anti-invasion effect in glioblastoma cells. Taken together, these data support a model in which miR-542-3p down-regulation in glioblastoma directly causes increased levels of AKT1, ILK, and PIK3R1 and the resultant aberrant activation of AKT signaling, which could directly and indirectly activate the ␤-catenin/MMP-2 signaling cascade to promote invasion of glioblastoma cells (Fig. 5H) .
Discussion
In the current study, we have presented the first demonstration that miR-542-3p expression was down-regulated in astrocytoma cell lines and tissues and that reduced miR-542-3p expression level correlated with high histopathological grades and poor prognosis of patients with astrocytoma. Ectopic expression of miR-542-3p inhibited the aggressive behavior of glioblastoma cells through not only targeting AKT1 itself but MiR-542-3p Inhibits AKT to Repress Astrocytoma Invasion OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 also directly down-regulating its two important upstream regulators, namely ILK and PIK3R1, to fully inhibit the AKT signaling. Furthermore, down-regulation of miR-542-3p was clinically associated with aberrantly active AKT and increased protein levels of ILK and PIK3R1 in human astrocytoma specimens. Finally, we found that miR-542-3p repressed the AKT1/␤-catenin signaling cascade directly and indirectly to exert an anti-invasive effect. Collectively, our study revealed a novel microRNA-based novel mechanism for multiple layer regulation of oncogenic AKT signaling and astrocytoma cell invasion.
High aggressiveness is a crucial factor in failed therapy of high grade astrocytoma, and constitutive activation of AKT signaling has been described as an essential mediator for the aggressive behavior of the disease (29, 30) . As mutation of upstream factors such as PIK3CA and PTEN accounts for only 7 and 14%, respectively, of astrocytoma cases (16, 17) , the genetic variation of this signaling cannot fully recapitulate its importance in the development and progression of this malignancy, making it necessary to clarify other mechanisms of regulation. The current study identified that miR-542-3p in astrocytoma cell lines not only down-regulated the total level of AKT1 via directly binding to its 3Ј-UTR but also simultaneously reduced the phosphorylation level of AKT1 via directly targeting ILK and PI3KR1, two crucial upstream oncogenic kinases promoting phosphorylation of AKT1. Thus, the miR-542-3p-induced anti-invasive effect could only be slightly revived by restored expression of total WT-AKT1 because AKT1 phosphorylation was still inhibited but was significantly, although only partly, reversed by restoration of ILK or PIK3R1. Notably, constitutively active AKT1 or the combination of WT-Akt and ILK or PIK3R1 was able to almost completely reverse the miR-542-3p effect. It has been documented that ILK facilitates cancer cell invasion through mediating the interaction with extracellular matrix components (31) (32) (33) , and ILK inhibitor QLT0267 reduces tumor growth and angiogenesis of glioblastoma xenografts (34) , indicating the therapeutic potential of miR-542-3p for glioblastoma progression. Although knockdown of PIK3R1 has been reported to inhibit glioblastoma cell proliferation and invasion (35, 36) and abrogating the activation of PIK3R1 increases the sensitization of glioblastoma cells to tamoxifeninduced apoptosis (37), unlike ILK, the clinical significance of PI3KR1 in astrocytoma has not been defined. Our study is the first report that up-regulated expression of PIK3R1 protein significantly correlated with histopathological grades of astrocytoma. Furthermore, the clinical relevance of miR-542-3p downregulation to up-regulation of PI3KR1 and ILK was consistently confirmed in human astrocytoma specimens. Therefore, our study strongly suggests that miR-542-3p down-regulation in astrocytoma contributes to increased expression of crucial positive regulators of the AKT signaling, including PI3KR1, ILK, and AKT1 itself, and thus leads to aberrant activation of AKT signaling in astrocytoma. The tumor-suppressive function of miR-542-3p largely results from its synergistic effect on simultaneous modulation of multiple targets. Notably, our data also showed that not all samples with high miR-542-3p expression had low expression of ILK/PIK3R, implying that miR-542-3p targets additional protein(s) in human astrocytoma specimens.
However, whether miR-542-3p targets additional proteins to mediate invasion of astrocytoma remains a potentially interesting area of investigation to completely underscore the importance of miR-542-3p-mediated regulation in astrocytoma progression and provide miR-542-3p-targeted therapeutic strategies.
For further investigation at the molecular level, we demonstrated that miR-542-3p suppressed the ␤-catenin pathway due to its specific inhibitory effect on AKT signaling. Serving as a vital downstream effector of AKT signaling, ␤-catenin importantly participates in activating the invasive ability of tumor cells (11, 38) . A high level of ␤-catenin is associated with histopathological grades of astrocytoma and promotes the invasive capacity of glioblastoma cells (39) , whereas inhibition of ␤-catenin activity results in the opposite effects (40) . Because of the crucial roles of ␤-catenin in the development and progression of astrocytoma, targeting aberrant activity of ␤-catenin signaling in astrocytoma is considered to be an applicable approach to anticancer therapy (41) (42) (43) . Our demonstration that ectopic miR-542-3p not only decreased nuclear translocation of ␤-catenin through enhancing the activity of tumor suppressor GSK-3␤ due to inhibition of AKT activity but also repressed the transactivation activity of ␤-catenin via reducing AKT-mediated phosphorylation at the Ser-552 site to exert an anti-invasive effect on glioblastoma cells suggests that miR-542-3p might be a promising molecular therapeutic target for high grade astrocytoma.
Consistent with our results, miR-542-3p has been reported to be down-regulated in colon cancer cell lines and to inhibit colon cancer cell proliferation and invasion via targeting ILK (44) . Moreover, overexpression of miR-542-3p induces G 1 and G 2 /M arrest in multiple cancer cell lines, including lung cancer, breast cancer, and cervical cancer (24) . Our present study indicates that miR-542-3p down-regulation contributes to the progression of astrocytoma and might represent a novel prognostic biomarker for the disease. These findings together suggest an extensively suppressive role of miR-542-3p in various cancer types. However, the underlying molecular basis for the decline of miR-542-3p expression in astrocytoma remains mysterious, making it of great interest to explore for further development of miR-542-3p-based therapeutic strategies.
